The latest results of the two HERA collaborations, H1 and ZEUS, are presented. They include the most recent measurements of the longitudinal structure funcion FL from both collaborations. Also presented are high Q 2 measurements from the ZEUS collaboration in the high Bjorken x region up to values of x ∼ = 1.
Introduction
HERA was a high-energy electron a -proton collider, at a centre-of-mass (cms) energy of 320 GeV. It started operating in 1992 and was closed in 2007. Due to the accessible high values of virtuality, Q 2 , of the exchanged boson (see Fig. 1 ), reaching values up to about 40 000 GeV 2 , it could 'look' into the proton with a resolution λ of about 10 −3 fm. At HERA many experiments were performed by changing the virtuality of the exchanged photon from almost-real photons (Q 2 ∼ 0), the photoproduction region, through the start of the deep inelastic scattering (DIS) region, Q 2 ∼ 4 GeV 2 (λ=0.1 fm), to the very high-Q 2 region, Q 2 ∼ 40 000 GeV 2 (λ = 10 −3 fm), where electroweak physics could be studied.
In this talk, two of the most recent results concerning the proton structure will be presented. The first is a measurement 1,2 , by both collaborations, of the longitudinal structure funcion, F L . The second, carried out by the ZEUS collaboration 3 , is the high Q 2 measurements in the high Bjorken x region up to values of x ∼ = 1.
a Here and in the following the term electron denotes generically both the electron and the positron. The F L structure function was measured at HERA only during the last months of its running in 2007. Up to that time, measurements of the F 2 structure function were limited 4 to low y, where y is the fraction of the lepton energy transferred to the proton in its rest frame. The coefficient in front of the F L term is y 2 and thus its contribution to the cross section, compared to that of the F 2 structure function, is very small for low-y values. The reduced cross section, σ r , can be expressed by two terms in the region where the Z exchange can be neglected, meaning Q 2 values far below the square of the Z mass,
where
Measuring σ r at different y but at the same x, Q 2 values gives a linear dependence of σ r on y 2 /Y + and therefore allows a simultaneous determination of the two structure functions F 2 and F L . This is shown in Fig. 2 . Since y = Q 2 /(xs), where s is the cms squared of the ep system, the way to vary y is to vary s. This has been done by changing the proton-beam energy to 460 and 575 GeV.
The determination of F L needs the measurement of high-y events. The variable y is a function of the scattered electron kinematics,
where E e is the electron-beam energy, E and θ are the energy and angle of the scattered electron, respectively. Thus high values of y means low E of the scattered electron. Electron finders of both collaborations, prior to this measurement, were very well trained to identify scattered electrons with energies E > 10 GeV. For lower energies, the efficiencies and purities of the finders deteriorate because of the photoproduction background. The ZEUS collaboration succeeded to improve their finder to allow to include in the F L measurements events with E > 6 GeV. The H1 collaboration, whose detector is better suited for this measurement could go down to E > 3 GeV. Control plots showing a comparison between data and Monte Carlo for The photoproduction background is shown in the dark-shaded region and is seen to increase sharply for low E values.
Following the limitations on the energy of the scattered electron, the ZEUS collaboration measured F L in the kinematic range 9 < Q 2 < 110 GeV 2 while the H1 collaboration covered the region 1.5 < Q 2 < 800 GeV 2 . The results are shown in Fig. 5 3 High x, extending to x ∼ = 1 Figure 6 -Example of the sizable differences between some parameterisation description of the u valence quark, uV .
The DIS cross sections have been measured by both collaborations with very high precision. These measurements were combined and produced text-book results with even higher precision 5 . Nevertheless, the highest x value for which measurements were done was 0.65. There are fixedtarget experiments 6,7,8 which measure higher values of x but in a low Q 2 region. In global perturbative quantum chromodynamic fits of parton distribution functions (PDFs), a parameterisation of the form (1 − x) β is assumed in order to extend PDFs ro x = 1. Although all fitters use the same parameterisation, sizeable differences are obtained in the high-x region 9 , as shown in Fig. 6 .
The ZEUS collaboration showed in an earlier publication 10 that the kinematics of HERA and the design of the detectors allow extension of the measurements of the neutral current (NC) cross sections up to x = 1. The results presented here are based on a much larger data sample and an improved analysis procedure.
A typical NC high-Q 2 and high-x event consists of the scattered electron and a high-energy collimated jet of particles in the direction of the struck quark. The electron and the jet are balanced in transverse momentum. The proton remnant mostly disappears down the beam pipe. The x and Q 2 of events, in which the jet is well contained in the detector, may be determined by various techniques. However, the maximum x value that can be reached is limited by the fact that at the low values of y typical of these events, the uncertainty on x = Q 2 /ys increases as ∆x ∼ ∆y/y 2 . An improved x reconstruction is achieved by observing that, in the limit of x → 1, the energy of the struck quark represented by a collimated jet is E jet ∼ = xE p . The expression for x is x = E jet (1 + cos θ jet )
where θ jet is the scattering angle of the jet in the detector. As x increases and the jet associated with the struck quark disappears down the beam-pipe (see Fig. 7 ), the ability to reconstruct x is limited by the energy loss. However, in these events, the cross section integrated from a certain limit in x, x edge , up to x = 1 is extracted. The value of x edge below which the jet is fully contained in the detector depends on Q 2 and the higher the Q 2 , the higher the value of x edge .
The double-differential Born-level cross sections as a function of Q 2 and x have been measured in finer binning in x because of the large data samples in this analysis (53 099 for the e − p and 37 361 for the e + p sample). For the highest integrated x bin, the respective average cross sections, defined as
have been obtained and plotted at x = (x edge + 1)/2. The ratio of the measured cross sections to those expected from HERAPDF1.5 11 are shown in Figs. 8 and 9. Note that for bins where no events are observed, the limit is quoted at 68% probability, neglecting the systematic uncertainty. Also shown are the predictions from a number of other PDF sets (ABM11 12 , CT10 13 , MSTW2008 14 , NNPDF2.3 15 ), normalised to the predictions from HERAPDF1.5. Within the quoted uncertainties, the agreement between measurements and expectations is good.
Summary
Final measurements of the F L structure functions are being published by HERA. The H1 collaboration covers a large kinematic range in Q 2 , 1.5 < Q 2 < 800 GeV 2 . This is made possible by measuring scattered electrons down to 3 GeV due to good tracking and electromagnetic calorimetry in the rear direction. The results of the ZEUS collaboration in the Q 2 region covered by their measurements, 9 < Q 2 < 110 GeV 2 , are in general lower that those of H1 but taking into account correlated uncertainties, are consistent with those of H1. Both results are consistent with expectations, though at low Q 2 there are large uncertainties in the theoretical predictions.
The ZEUS collaboration measured double-differential cross sections for e ± p NC DIS events at Q 2 > 725 GeV 2 up to x ∼ = 1. Fine binning in x and extension of kinematic coverage up to x ∼ = 1 make the data important input to fits constraining the PDFs in the valence-quark domain. Figure 9 -Ratio of the double-differential cross section for NC e + p scattering and of the double-differential cross section integrated over x to the Standard Model expectation evaluated using the HERAPDF1.5 PDFs as a function of x at different Q 2 values as described in the legend. For HERAPDF1.5, the uncertainty is given as a band. The expectation for the integrated bin is also shown as a hatched box. The error bars show the statistical and systematic uncertainties added in quadrature. The expectations of other commonly used PDF sets normalised to HERAPDF1.5 PDFs are also shown, as listed in the legend. Note that the scale on the y axis changes with Q 2 .
